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013.08.0Abstract The construction of heavy structures on soils of low relative density is a challenging task.
The inclusion of soil–cement columns produced by the deep mixing method is one of the soil sta-
bilizing techniques that could be applied successfully to overcome this challenge. Nevertheless, this
technique did not receive a considerable attention in Egypt yet. In the ﬁrst part of this study, two
different natural silty sand soils extracted from the Delta of the River Nile were mixed with cement
to prepare samples of different cement doses and different water cement ratios. After curing, the
hardened samples were tested and their unconﬁned compressive strength was investigated. The sec-
ond part of this study investigates the interaction between a strip footing model and Nile deltaic soil
improved by a group of soil–cement columns. Results of the ﬁrst part of this study showed that the
compressive strength of the investigated Nile delta soils could be increased even at lower values of
cement doses. Results extracted from the second part of this study showed that a considerable set-
tlement reduction up to 80% could be achieved depending on both the number and the length of the
soil–cement columns that is used to improve the soil.
ª 2013 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University.1. Introduction
Sometimes there is a constraint to have constructions on areas
considered to be problematic because of the extent of underly-
ing deposits of low strength or unstable soils. In such case,5057000.
(A. Farouk).
lty of Engineering, Alexandria
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09there will be a need to improve the soil using a suitable soil sta-
bilizing technique. The inclusion of soil–cement columns using
the deep soil mixing method is one of the stabilizing techniques
that have been applied successfully worldwide. The advantage
of deep soil mixing method is that it not only improves the
strength of ground, but is a superior method for the limitation
of settlement. This method mainly depends on increasing the
stiffness of natural soil by adding a strengthening admixture
material such as cement, lime, gypsum and ﬂy ash. For this
purpose, special rotating mixing tools are used which often
produce a cylindrical column shaped having a higher strength
than the virgin soil. When using cement as an admixture agent,
a produced cemented soil material shall be the reaction prod-
uct of mixing soil with a measured amount of Portland cementaculty of Engineering, Alexandria University.
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often compacted to a relatively high density so that their prop-
erties become similar to that of soft rock. The modulus of elas-
ticity and unconﬁned compressive strengths of these columns
could be typically 10–20% that of plain concrete [5,9] and
hence they can be considered as an engineered low strength
concrete columns. As a result, an increase in the soil bearing
capacity and a decrease in compressibility shall be gained,
which in turn reduces the overall foundation cost by allowing
the superstructure to be built on shallow footings rather than
pile foundations.
In literature, there are many studies that focused on inves-
tigating the optimum dosage of binders to be mixed with par-
ticular types of soils to gain a considerable increase in the
unconﬁned strength and to achieve a desired improvement ra-
tio, (e.g., [1,3,4,9,10]). A few or even no one yet has investi-
gated the possibility of stabilizing the Nile delta soil by
cement using the mixing method. On the other hand, many
other studies concerned about investigating the use of soil sta-
bilization to reduce settlement, to prevent shear deformation
of soil, to support excavation, to prevent sliding failure and
to mitigate liquefaction, (e.g., [2,6–8]).
Although the technological aspects of deep mixing in terms
of machinery and construction have progressed signiﬁcantly
worldwide in the recent years, it is not a common type yet
among the soil improvement methods applied in Egypt.
Accordingly, there was a need to study the inﬂuence of mixing
ordinary Portland cement as a hardening agent with Nile delta
soils on both the compressive strength of the cemented soil and
the interaction between the stabilized soil and foundations. On
the beginning, series of tests were conducted to investigate the
effect of the soil type, the cement dose and the water cement
ratio on the strength of the cemented Nile delta soil. Then, an-
other series of laboratory model tests were carried out by pre-
paring and installing groups of soil–cement columns beneath a
rigid steel plate to measure the increase in bearing capacity and
reduction of settlement of the stabilized soil.2. Investigating the soil–cement compressive strength
There are many factors that affect the strength of a soil mixed
with cement. Among these factors are the soil type, the cement
dose and the water cement ratio. To investigate the effect of
soil type, two different types of soil were studied. The soils
were taken from two different locations in the middle of Delta
of the River Nile, namely ‘‘Shobra-alnamla’’ and ‘‘Talbant-
qaisar’’ at Al-Gharbeya governorate. Through this study, the
ﬁrst soil shall be denoted as ‘‘Sh’’ soil and the second soil shall
be denoted as ‘‘Tal’’ soil.
To investigate the effect of cement dose on the strength of
the mixed cement–soil, a group of tests were conducted on six
specimens prepared from soil ‘‘Sh’’. Each specimen was pre-
pared by mixing the soil with a prescribed cement dosage rate.
The investigated dosage rates were 160, 200, 240, 300, 340, and
440 kg/m3. The cement dosage rate can be deﬁned as the
weight of binder added per unit volume of the soil to be trea-
ted, expressed in kg/m3. A constant water cement ratio of 1.25
was used for each dosage rate.
Variation of strength of the cemented soil under the effect
of different water cement ratios was investigated after a con-
stant curing period. For this purpose, tests were carried outon two sets of specimens. Each set was prepared using one
of the aforementioned investigated soils at four different water
cement ratios of 0.80, 1.00, 1.25, and 1.50. Both sets were
investigated at a constant cement dosage rate of 240 kg/m3.
2.1. Physical properties of the studied soils
Prior to preparing the specimens, each soil was characterized
with respect to its physical properties. The physical properties
of both soils were assessed via a classiﬁcation test program.
The tests were conducted in accordance with the ASTM stan-
dards. According to the uniﬁed soil classiﬁcation system, both
soils are classiﬁed as silty sand. Properties of the investigated
soils are illustrated in Table 1, and the particle-size distribution
is shown in Fig. 1.
2.2. Sample preparation and testing procedure
A laboratory procedure as listed step by step below, was at-
tempted to be developed for preparing, curing and testing
the soil mixed specimen applicable to the wet method of soil
mixing. This procedure was similar to that described by Shres-
tha [9]. To prepare the samples, the needed amount of each soil
was ﬁrst dried in oven at 105 C for 24 h to ensure having soil
with zero initial water content. Then, each soil was sieved using
sieve No. 8 in order to eliminate any stones and pebbles.
Thereafter, the required cement dosage rate of each specimen
was achieved by adding and thoroughly mixing a calculated
weight of cement with a speciﬁc weight of soil. Finally, accord-
ing to the desired water cement ratio, a prescribed weight of
water was added and mixed for about 3–5 min to make ce-
ment–water–soil mixture. The cylindrical cemented soil speci-
mens were prepared by pouring the mixture in 3 layers inside
thin-wall UPVC molds. Each layer was compacted by hand
using a wooden rod to eliminate air pockets and to unite the
layers together. All molds have a constant diameter of
100 mm and a length of 150 mm so as to have samples with
a shape factor of 1:1.5. The molds also have a longitudinal
grove to facilitate extracting the samples after hardening.
The ﬁlled molds were then covered with plastic bags and stored
for a speciﬁed curing period of 7 days in a constant tempera-
ture of 25 C. After curing, the specimens were extracted from
the molds and left in the air for 1 day before testing. Uncon-
ﬁned compression tests were performed under a testing ma-
chine having a maximum load capacity of 250 kN. Each
specimen was concentrically loaded until failure. All results
were periodically recorded and stored in a computer during
the tests by means of a data acquisition system.
3. Investigating the interaction between the stabilized soils and
foundations
In literature, most of studies used pure sand or clay for mod-
eling the behavior of foundations rest on improved soil, while
only few researches concerned about modeling the behavior of
foundations rest on a stabilized natural soil. In this study, both
the ground and the soil–cement columns were prepared using
the natural soil extracted from ‘‘Shobra-alnamla’’ district.
Hence, this soil is denoted in this study by ‘‘Sh’’ as mentioned
before. The soil was mixed with an appropriate dose of cement
at a prescribed water cement ratio. Both the dosage of cement
Table 1 Properties of the investigated soils.
Properties ‘‘Sh’’ ‘‘Tal’’
Speciﬁc gravity 2.68 2.68
Eﬀective size, D10, mm 0.0012 0.004
Median particle size, D50, mm 0.19 0.10
Fines content, % 30.1 43.7
Clay fraction, % 12.0 7.0
Uniformity coeﬃcient, CU 195 –
Coeﬃcient of curvature, CC 6.3 –
Plasticity of ﬁnes Non plastic Non plastic
Classiﬁcation (USCS) SM SM
Maximum dry unit weight, (cd)max, kN/m3 16.8 16.91
Minimum dry unit weight, (cd)min, kN/m3 12.4 11.98
Dry unit weight, gd, kN/m3 14.28 14.03
Relative density, Dr,% 50 50
Angle of internal friction, u0, degree at 38.0 36.0
Figure 1 Particle-size distribution of the investigated soils.
Figure 2 Schematic diagram of the loading system.
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ing a soil–cement mixture with a considerable accepted work-
ability during preparation of the soil–cement columns and to
give an appropriate compressive strength during the tests.
The steel plate representing the foundation could be concentri-
cally loaded in a steel loading frame. The studied parameters
were the columns length, the replacement area ratio of the col-
umns and the curing time.
3.1. Test setup
3.1.1. Preparation of the soil–cement columns
The ﬁrst part of this study showed that a water cement ratio of
1.25 produced an almost workable mixture that could be
poured easily inside the plastic molds. Hence, a water cement
ratio of 1.25 was adopted in this part of study. In literature
it was reported that a cement dosage rate in the range between
120 and 240 kg/m3 can be effectively used for stabilizing silty
sands, which represent the case of the soil investigated in this
study. Moreover, the amount of cement to be used as observed
in literatures is typically in the range between 5% and 16% of
the weight of the soil to be treated [11]. In addition, from prac-
tical and economical points of view, it is better to use a binder
dose that accounts for less than 20% of the weight of the soil.
Hence, a cement dosage rate of 240 kg/m3, which is corre-
sponding to a cement ratio of 16.8% was used in this study.
After mixing the soil with the prescribed amounts of cement
and water using the same steps mentioned for preparing thespecimens of the ﬁrst part of this study, the soil–cement col-
umns were prepared by pouring and compacting the mixture
in layers inside three different groups of thin-wall plastic tubes
having a constant diameter of 22 mm. The ﬁrst group has a
length of 100 mm, the second has a length of 145 mm and
the third has a length of 200 mm. All tubes have longitudinal
grove to facilitate extracting the columns from them. After ﬁll-
ing the tubes, they were left in sealed plastic bags for 7 days for
curing. Tubes ﬁlled with cement–soil mixture to investigate the
effect of curing time were left in the sealed bags for 28 days.
After curing, the cylindrical soil–cement columns were ex-
tracted from the tubes and left in the air for 1 day before start-
ing the tests.
3.1.2. Ground construction
The ground was modeled inside a rigid steel box attached to a
steel loading frame that was built especially for this purpose. A
schematic diagram of the loading frame and the steel box is
illustrated in Fig. 2. The steel box has inside dimensions of
1190 mm length, 490 mm width and a depth of 600 mm. To
avoid any lateral movement either during the time of soil
placement and columns installation or at the time of loading
the scaled foundation models, sides of the steel box were stiff-
ened diagonally by welded steel angles. To allow monitoring
the movements of the models during the tests, one side of
the box has a detachable 10 mm thick rigid Plexiglas window.
736 A. Farouk, M.M. ShahienA targeted relative density of 50% was taken into consider-
ation when constructing the ground in the box. The corre-
sponding dry density of the tested ‘‘Sh’’ soil was 1.43 t/m3.
Soil passing from sieve No. 8 was placed inside the steel box
in lifts; each lift is 50 mm height. The weight of each lift was
assessed depending on both the volume of the space to be ﬁlled
and the targeted dry density. After leveling the surface of each
lift, the soil (when needed) was compacted by tempering with a
smooth wooden board. On the same way, all lifts are contin-
ued till reaching the prescribed tip level of the soil–cement col-
umns to be tested.3.1.3. Installation of the soil–cement columns
The soil–cement columns were installed in the steel box follow-
ing a procedure similar to that described by Bouassida and
Porbah [2]. The columns were aligned vertically in their posi-
tion by means of four different wooden forms manufactured
especially for this purpose. Each form has a number of circular
holes with diameter of 23 mm spaced equally to give a speciﬁed
replacement area ratio. The replacement area ratio is deﬁned
as the ratio of the total cross section of the columns to the area
loaded by the steel plate. The utilized wooden forms have
number of holes of 10, 12, 16 and 20, which are corresponding
to replacement ratios of 8.7%, 10.4%, 13.9% and 17.3%
respectively. Fig. 3 illustrates dimensions of the wooden form,
number and distribution of holes in each form, and the corre-
sponding replacement area ratio.
As mentioned in the previous section, the ground was con-
structed inside the steel box to the level at which the tip of the
columns shall rest. Then, the wooden form is held horizontally
in position at a suitable level and the soil–cement columns are
inserted vertically in each hole. This arrangement ensured dis-
tributing the columns at equal spacing between each other.
Thereafter, two plastic sheets having a length of 490 mm
(which is the same length of the wooden form), thickness of
3 mm and height of 200 mm were aligned vertically at a dis-
tance of 5 cm from each side of the wooden form so that the
space to be ﬁlled with soil is divided into three contiguous
parts; two side parts and one mid part. The mid part is the part
that contains the soil–cement columns. The weight of soil
needed to ﬁll the space of each part was calculated according
to the desired relative density. The next layer of soil was ﬁrstlyFigure 3 Dimensions of the wooden forms used tplaced in both side parts and was tampered to the targeted rel-
ative density. Then, the mid part was ﬁlled by pouring the
needed weight of soil to occupy the space beside and between
the soil–cement columns. After that, the plastic sheets were
slowly pulled up and a thin wooden rod was used to tamper
the soil between and beside the columns to the desired relative
density. At this stage, the columns were nearly steady in posi-
tion, which enabled the wooden form to be carefully removed.
The ground construction was continued in layers using the
aforementioned process until reaching the top of the columns.
3.1.4. Installation of the strip footing model
Amattress of 10 mm of the same soil was built at the top of the
improved ground. The soil mattress was overlaid by a rigid
steel plate of 480 mm length, 100 mm width and 20 mm thick-
ness which models the behavior of a strip footing on the im-
proved ground. The width of the plate is adjusted and placed
symmetrically at the centerline of the longitudinal direction
of the steel box. Each test involved loading the steel plate grad-
ually using a hydraulic jack until reaching soil failure. A steel
rod having a semi ball tip was attached to the jack to insure
inducing a concentrated load on the steel plate. The steel plate
has in the middle of its upper surface a semi bally shaped grove
at which the tip of the steel rod shall be in contact with. This
allows rotation of the plate in the longitudinal direction of the
box during loading process.
3.2. Testing procedure
On the beginning, the tested soils were loaded via the steel plate
without improvement in order to compare the behavior of un-
treated soil with the behavior after installing the soil–cement col-
umns. In all tests, the loading was conducted until reaching a
normalized vertical displacement of nearly 25%, at which small
increments in the applied load result in relatively big increase in
the settlement, which indicates that the soil has reached the fail-
ure condition. The loads applied to the foundation model were
measured by a digital dial gauge indicator attached to a loading
cell. Settlements were measured nearly at the middle of the steel
plate using a digital dial gauge attached to the steel box via a ri-
gid metallic arm. Variation of the loading with the settlement
was observed and recorded during the tests.o arrange and align the cemented soil columns.
Figure 5 Stress strain relationship of cemented ‘‘Tal’’ soil at
different water cement ratios.
Figure 6 Variation of compressive strength of stabilized soil
with water cement ratio.
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4.1. Strength of the cemented soils
Fourteen specimens of cemented soil were prepared and tested
to study the effect of the water cements ratio, the soil type, and
the cement dose on the shear strength of the cemented deltaic
soil after 7 days of curing and hardening. The hereinafter sub-
sections discuss the results of these tests in details.
4.1.1. The effect of the water cement ratio on the strength of the
cemented soils
The effect of the water cement ratio on the strength of the ce-
mented–soil mixture was investigated for both the ‘‘Sh’’ and
the ‘‘Tal’’ soils. Each soil was mixed with a constant cement
dosage rate of 240 kg/m3 and hence, two sets of specimens
were tested. The ﬁrst set was nominated as ‘‘Sh-w’’ and it con-
sisted of four specimens prepared from the ‘‘Sh’’ soil using four
different water cement ratios of 0.80, 1.00, 1.25, and 1.50. The
second set of specimens was nominated as ‘‘Tal-w’’ and it con-
sisted of four specimens prepared from the ‘‘Tal’’ soil using the
same aforementioned four water cement ratios. Figs. 4 and 5
show the effect of the water cement ratio on the compressive
strength of the stabilized soils. It can be seen from both ﬁgures
that as the water cement ratio increases, the compressive
strength of the mixed soil decreases. This trend was the same
for both types of the tested soils. On the other hand, Figs. 4
and 5 illustrates that the investigated range of the water cement
ratio shows nearly a negligible effect on the modulus of elastic-
ity of the hardened soil–cement mixture for both types of the
studied soils.
The variation of compressive strength with the water ce-
ment ratio for the studied soils was plotted in Fig. 6. The ﬁgure
shows that the rate of reduction in the compressive strength
due to increasing water cement ratio, increases with the in-
crease in water cement ratio. It can be seen, that the difference
in strength of both tested soils is signiﬁcant at a water cement
ratio of 0.80. However, such difference tends to decrease with
the increase in water cement ratio. This phenomenon can be
noticed clearly, since the difference in strength of both tested
soils becomes insigniﬁcant in this study at a water cement ratio
of 1.50.Figure 4 Stress strain relationship of cemented ‘‘Sh’’ soil at
different water cement ratios.4.1.2. The effect of the soil type on the compressive strength of
the cemented soil
The effect of the mixed soil type was studied by comparing the
results obtained from testing samples prepared by mixing ce-
ment with the ‘‘Sh’’ soil with the results of samples prepared
by also mixing cement with the ‘‘Tal’’ soil. Both soils were pre-
pared using the same cement dosage rate of 240 kg/m3 but at
different prescribed water cement ratios.
From the curves shown in Figs. 4 and 5, it can be seen that
at the same water cement ratio, the compressive strength of the
samples prepared from the ‘‘Sh’’ soil was higher than the com-
pressive strength of samples prepared from the ‘‘Tal’’ soil. In
addition, as shown in Fig. 4, the behavior of the cemented
‘‘Sh’’ soil is brittle at water cement ratio of 0.80 and 1.0, while
at higher values of water cement ratios the behavior tends to be
ductile. On the other hand, Fig. 5 shows that the behavior of
the cemented ‘‘Tal’’ soil is almost ductile at all used values
of water cement ratio. Since the ‘‘Sh’’ soil has lower ﬁnes con-
tent than the ‘‘Tal’’ soil, it can be concluded that the compres-
sive strength and stiffness of the cemented soil decrease with
the increase in ﬁnes content of the native soil. Finally, it may
be interesting to mention that the ‘‘Sh’’ soil has clay content
higher than the clay content of the ‘‘Tal’’ soil by about 5%,
which means that the ﬁnes content has a signiﬁcant effect
rather than the clay content on the stress strain behavior of
the studied mixed soils.
Figure 8 Variation of compressive strength of the cemented soil
with the cement dosage rate.
Figure 9 Variation of the secant modulus of the hardened soil
with the used cement dose.
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and elasticity modulus of the cemented soil
This section discusses the effect of the cement amount mixed
with the soil on the compressive strength of the mixture after
7 days of curing. Six different cement dosage rates were inves-
tigated in this study. Each dosage rate was mixed to a prede-
termined amount of the ‘‘Sh’’ soil at a constant water
cement ratio of 1.25. As shown in Fig. 7, the strength, stiffness
and brittleness of the cemented soil increase with the increase
of cement dose. In addition, this ﬁgure shows also that at a ce-
ment dose values of 440 and 340 kg/m3 the behavior of the ce-
mented soil is almost brittle, while at lower doses the behavior
tends to be ductile.
Fig. 8 shows that there is an exponential correlation be-
tween the compressive strength of the cemented soil and the ce-
ment dose. This means that at lower values of the studied
range of cement dosage rate an increase in the cement dosage
rate leads to a relatively small increase in the compressive
strength of the cemented soil, while at higher cement dosage
rate, a small increase in the utilized cement dosage rate in-
creases the compressive strength signiﬁcantly. However, the
maximum cement dose utilized in this study is 440 kg/m3 be-
cause it is believed that binder doses higher than 450 kg/m3,
which accounts for nearly 30% of the weight of the studied
soils, might not prove economical. According to Fig. 8, the
7-days unconﬁned compressive strength, qu, in MPa of the
hardened cement–soil prepared from the ‘‘Sh’’ soil can be re-
lated to the cement dosage rate ‘‘CD’’ in kg/m3 by the follow-
ing equation:
qu ¼ 1:175eð0:003CDÞ ð1Þ
On the same way, the modulus of elasticity of the hardened
‘‘Sh’’ soil–cement can be calculated from the stress strain
curves plotted on Fig. 7. From a practical point of view, it is
wise to investigate the effect of the used cement dosage rates
‘‘CD’’ on the secant modulus at 50% of the strain values at
failure which can be denoted as ‘‘E50%’’. Fig. 9 shows that
there is an exponential relationship between the secant modu-
lus and the studied range of cement doses. Accordingly, after
7 days of curing the secant modulus ‘‘E50%’’ in MPa of the
hardened ‘‘Sh’’ soil can be related to the cement dosage rate
‘‘CD’’ in kg/m3 by the following equation:
E50% ¼ 94:75eð0:004CDÞ ð2ÞFigure 7 Effect of the cement dose on the compressive strength
of the cemented soil.4.2. Bearing capacity of the stabilized soil
More than twenty laboratory model tests were carried out in
this paper to study the bearing capacity and settlement criteria
of a strip foundation model loaded over a stabilized Nile del-
taic soil under the effect of different parameters. The investi-
gated parameters are; the replacement area ratio, (a/A), the
curing time, and the cemented column length. The hereinafter
subsections cover a detailed discussion on the results of the
tests.
4.2.1. Effect of the replacement area ratio on the bearing
capacity of soil
Figs. 10–12 illustrate the effect of replacement area ratio (a/A)
for cemented ‘‘Sh’’ soil columns having lengths of 100, 145 and
200 mm respectively. As expected, it can be seen that increas-
ing the replacement area ratio results in more improvement
in the soil behavior. The ﬁgures show also that for the same
column length, the rate of increase in stiffness of the stabilized
tested soil at replacement ratios up to nearly 14% was rela-
tively signiﬁcant than the rate of increase of stiffness at higher
replacement ratios. In addition, when comparing the values at
the apex of these curves, it can be seen that the increase in
bearing capacity of the improved soil as a result of increasing
Figure 10 The stress–settlement curves of 100 mm length
cemented soil columns at different replacement area ratios.
Figure 11 The stress–settlement curves of 145 mm length
cemented soil columns at different replacement area ratios.
Figure 12 The stress–settlement curves of 200 mm length
cemented soil columns at different replacement area ratios.
Figure 13 The effect of curing time on the stress settlement
curves of the improved soil.
Figure 14 Effect of the columns length of the settlement
reduction.
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200 mm. On the opposite extreme, when the soil is improved
by shorter columns, the increase in the replacement area ratio
results in a signiﬁcant increase in the bearing capacity. Simul-
taneously, as the replacement area ratio increases, the settle-
ment reduction of the loaded area increases.4.2.2. Effect of the curing time on the bearing capacity
The effect of curing time of the cemented columns on behavior
of the improved soil was investigated using soil–cement col-
umns of 100 mm prepared from the ‘‘Sh’’ soil. Fig. 13 shows
that after 28 days of curing, a slight additional improvement
in the soil was achieved. Although the compressive strength
of the studied cemented soil was measured only after 7 days
in this study, it is believed that a considerable increase in this
value was gained after 28 days of curing. According to Shres-
tha [9], the compressive strength of a soil mixed by cement
after 28 days of curing can be nearly twice the compressive
strength after 7 days. Shrestha [9] reported also that when
using ordinary Portland cement as binder for stabilizing soil,
the reaction between the binder and the soil almost ﬁnishes
within the ﬁrst month and the ﬁnal strength is gained. Hence,
the achieved increase in bearing capacity in this study believed
to be nearly ﬁnal. In this study, the increase in bearing capacity
after 28 days was in the range between 3% and 16% depending
on the area replacement ratio.
4.2.3. Effect of the length of the soil–cement columns on the
bearing capacity
The effect of the columns length on reducing the settlement of
the strip foundation was studied at an applied vertical stress of
50 kPa as shown in Fig. 14. In that ﬁgure, the column length
(L) is normalized by the width (B) of the area loaded by the
740 A. Farouk, M.M. Shahienstrip footing. It can be seen that a settlement reduction in the
range of 20–80% could be achieved depending on both the
area replacement ration and the column lengths. It can be no-
ticed also that the normalized soil–cement column length (L/B)
has a signiﬁcant effect on the settlement reduction for replace-
ment area ratio less than about 14%. Such increase becomes
less signiﬁcant with further increase in the replacement area ra-
tio. On the other hand, Fig. 14 clearly demonstrates that the
effect of the replacement area ratio in reducing settlement is
signiﬁcant for when (L/B) equals 1.0, while at higher values
of (L/B) this effect became relatively insigniﬁcant.
5. Summary and conclusions
In this study, laboratory tests were performed on natural silty
sand soils extracted from two different locations in the middle
of the Nile delta. The ﬁrst part of the study was devoted to-
ward investigating the ability to improve these soils using the
mixing technology method by measuring their compressive
strength after hardening of the soils when mixed with cement
at different cement dosages and water cement ratios. The sec-
ond part of this study concerned about studying the load bear-
ing behavior of one of the investigated soils having 50%
relative density when stabilized using soil–cement columns pre-
pared from the same soil. The overall conclusions drawn from
this study concerning the studied Nile delta soils are as follows:
1. As the water cement ratio increases, the compressive
strength of the mixed soil decreases and the decrease
in the compressive strength is more signiﬁcant at higher
values of the investigated water cement ratios rather
than at lower ones.
2. Although there is a clear difference between the magni-
tude of compressive strength of both studied soils at
water cement ratios of 0.8 and 1.0, this difference tends
to be very small at higher values of water cement ratio.
3. The compressive strength and stiffness of stabilized soil
decrease with the increase in ﬁnes content of the native
soil, while the clay content has insigniﬁcant effect.
4. The stress strain behavior of the cemented soil is more
brittle at lower values of the studied range of water
cement ratio, while at higher values, the behavior is
ductile.
5. At values of the investigated cement dosage rate, an
increase in the cement dose leads to a relatively small
increase in the compressive strength of the cemented
soil, while at higher cement doses, a small increase in
the utilized cement dosage rate increases the compressive
strength signiﬁcantly.
6. The studied range of water cement ratio shows nearly a
negligible effect on the modulus of elasticity of the hard-
ened soil–cement mixture, while the cement dosage has a
signiﬁcant effect on the secant modulus at 50% of the
strain at failure.
7. At lower values of the studied replacement area ratios,
the rate of increase in stiffness of the stabilized soil is rel-
atively bigger than the rate of increase of stiffness at
higher replacement ratios.8. For soil improved by columns having length to founda-
tion width (L/B) of 2.0, increasing the replacement area
ratio leads to a relatively small increase in the bearing
capacity of the improved soil, while for soil improved
by lower (L/B) ratios, increasing the replacement area
ratio leads to a signiﬁcant increase in the bearing
capacity.
9. Depending on both the replacement area ratio and the
column length, the soil improvement using the soil–
cement columns could reduce up to 80% of the maxi-
mum settlement of unimproved soil.
10. The Bearing capacity of soil improved by soil–cement
columns after 28 days of curing was higher by 3–16%
than the bearing capacity of improved soil after 7 days
of curing.Acknowledgment
The authors would like to express their deepest appreciation to
Tanta University in the Arab Republic of Egypt for funding
and supporting the current study through the research Project
Number ‘‘TU-02-04-2009’’.
References
[1] A. Altabbaa, C. Evans, Deep soil mixing in the UK: geo-
environmental research and recent applications, Land
Contamination & Reclamation 11 (1) (2003).
[2] M. Bouassida, A. Porbaha, Ultimate bearing capacity of soft
clays reinforced by a group of columns-application to a deep
mixing technique, Soils and Foundations 44 (3) (2004) 91–101.
[3] G. Cortellazzo, S. Cola, Geotechnical characteristics of two
Italian peats stabilized with binders, in: Proc. Intl. Conference
on Dry Mix Methods for Deep Soil Stabilization. Stockholm,
Sweden, A. Balkema, Rotterdam, 1999, pp. 93–100.
[4] M.S. Islam, R. Hashim, Bearing capacity of stabilized tropical
peat by deep mixing method, Australian Journal of Basic and
Applied Sciences 3 (2) (2009) 682–688.
[5] P.J. Nicholson, An Abstract on Cement Soil Mixing in Soft
Ground, University of Houston, Texas, USA, 1998.
[6] A. Nur, M. Hafez, S. Norbaya, Study of bearing capacity of
lime-cement columns with pulverized fuel ash for soil stabilizing
using laboratory model, Electronic Journal of Geotechnical
Engineering, EJGE 16 (2011) 1595–1605 (Bundle H).
[7] A. Porbaha, K. Zen, M. Kobayashi, Deep mixing technology for
liquefaction mitigation, Journal of Infrastructure System, ASCE
5 (1) (1999) 21–34.
[8] C. Rutherford, G. Biscontin, J.L. Briaud, Design Manual for
Excavation Support Using Deep Mixing Technology, Texas
A&M University, USA, 2005, p. 211.
[9] R. Shrestha, Soil Mixing: A Study on Brusselian Sand Mixed
with Slag Cement Binder, M.Sc. Thesis, University of Ghent,
Belgium, 2008, 80p.
[10] O. Wang, A. Altabbaa, Correlation of laboratory strength
measurements of cement-stabilized soils, Proc. Intl. Conference
on Ground Improvement and Ground Control, vol. II, Research
Publishing, Wollongong, New South Wales, Australia, 2012.
[11] H.F. Winterkorn, H. Fang, Foundation Engineering
Handbook, Van Nostrand Reinhold Company, NY, USA,
1975, 751.
